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PSEUDOMONAS AERUGINOSA is a leading cause of hospital-acquired pneumonia (14, 15) and an important pathogen in patients with chronic lung disease, such as cystic fibrosis and bronchiectasis, who are often colonized with highly resistant strains (23, 33) . Host resistance to acute P. aeruginosa pneumonia requires activation of an innate immune response that recruits neutrophils to the lungs (41, 50) . We previously demonstrated that successful initiation of the acute inflammatory response to and clearance of P. aeruginosa lung infection requires myeloid differentiation factor 88 (MyD88). This adapter molecule is essential for signaling by members of the IL-1 receptor superfamily, including most Toll-like receptors (TLRs) (45) . TLRs are pattern recognition receptors that trigger a signaling cascade resulting in nuclear translocation of NF-B and transcription of proinflammatory cytokine genes (2) . More than 10 TLRs have been characterized, and each of these TLRs recognizes specific pathogen-associated molecular patterns (3, 41) . The P. aeruginosa bacterium contains a variety of pathogenassociated molecular patterns that allow its recognition by several TLRs, including TLR2 (peptidoglycan and lipopeptides), TLR4 (LPS), TLR5 (flagellin), and TLR9 (cytosinephosphate-guanosine DNA).
Whereas MyD88 is essential for successful resistance to P. aeruginosa pneumonia (45) , TLR2, TLR4, and TLR9 are not required for the clearance of this pathogen from the lungs (47) . TLR2-deficient (Tlr2 Ϫ/Ϫ ) mice have a selective defect in cytokine response to this organism and no impairment in neutrophil recruitment; TLR4-deficient (Tlr4 Ϫ/Ϫ ) mice have a broader impairment in cytokine and inflammatory response to infection, but Tlr2 Ϫ/Ϫ and Tlr4 Ϫ/Ϫ mice are able to resolve the infection. We previously examined the role of TLR5 in this model indirectly by infecting Tlr2 Ϫ/Ϫ , Tlr4 Ϫ/Ϫ , or Tlr2/4
mice with a flagellin-deficient strain of P. aeruginosa. Cytokine responses and neutrophil recruitment were more blunted in Tlr4 Ϫ/Ϫ and Tlr2/4 Ϫ/Ϫ mice infected with flagellin-deficient than wild-type (WT) P. aeruginosa (47) . These observations suggest a role for TLR5 in the MyD88-dependent response to P. aeruginosa that warrants further study.
Several observations support a role for TLR5 in the host response to lung infection. TLR5 is highly expressed in human and murine lung tissue (43, 51) by airway epithelial cells, neutrophils, and alveolar macrophages (6, 24, 28, 31, 35) . TLR5 recognizes a conserved monomeric protein component of flagellin (48) and signals through the MyD88 pathway to upregulate expression of proinflammatory cytokines (2) . In airway epithelial cells, flagellin stimulation also upregulates TLR5 expression and mobilization from the basal to the apical cell surface (1) . Neutrophil influx and the production of some cytokines in response to purified flagellin instilled in the murine lung is dependent on TLR5 (11). We previously reported that TLR5-deficient (Tlr5 Ϫ1/Ϫ ) mice exhibit dysregulated inflammatory responses to pulmonary infection with Legionella pneumophila (17) and that humans with a common stop codon polymorphism in the ligand-binding region of TLR5 are hypersusceptible to pneumonic legionellosis (18) .
Prior research also predicts that the recognition of flagellin by TLR5 is likely to play a role in the host response to P. aeruginosa lung infection. TLR5 appears to be important for the recognition of P. aeruginosa by airway epithelial cells (1, 8, 19, 52) and for neutrophil responses to this organism (24) . Animal models have demonstrated that the acute inflammatory response to purified flagellin is dependent on TLR5 (11), but the specific role of TLR5 in regulating the host response to live P. aeruginosa has not been elucidated. Mice infected with the nonflagellated ⌬fliC mutant do not have a reduced inflammatory response compared with mice infected with a WT strain, but strains of P. aeruginosa that produce excess flagellin induce a greater inflammatory response in the lung than WT strains (7, 47) . The only published study of P. aeruginosa lung infection in Tlr5 Ϫ/Ϫ mice found no significant difference in mortality compared with WT animals but suggested a cooper-ative relationship between TLR4 and TLR5 in activating host resistance (11) .
In this study, we sought to clarify the role of TLR5 in the innate immune responses to acute P. aeruginosa pneumonia. We used a well-defined murine model to compare the responses of Tlr5 Ϫ/Ϫ and WT mice to acute lower respiratory tract infection with P. aeruginosa. We found that TLR5 contributes to the innate immune response to P. aeruginosa in a manner that is most evident at a low level of infection.
MATERIALS AND METHODS
Mice. Male and female WT C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME). Tlr5 Ϫ/Ϫ mice were provided by Dr. S. Akira (University of Osaka, Osaka, Japan) (5) and were backcrossed to C57BL/6 mice eight times. Genotypes were confirmed by PCR analysis of genomic DNA obtained from tail biopsies. Mice were housed under specific pathogen-free conditions with unlimited access to sterile food and water, and all animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Washington. Mice were 10 -14 wk of age at the time of experimentation.
Bacteria. WT P. aeruginosa strain PAK was a gift from Dr. S. Lory (Harvard University); the ⌬fliC mutant of the PAK strain was generously provided by Dr. A. Prince (Columbia University) (10) . Bacteria were prepared as described elsewhere (46) . Frozen bacteria were thawed, inoculated into Luria-Bertani (LB) broth (Invitrogen, Carlsbad, CA), and incubated for 6 h at 37°C on a rotating platform. This broth was diluted 1:1,000 into each of four flasks containing 250 ml of fresh LB broth and incubated again for 16 -18 h at 37°C on the rotating platform. Bacteria then were pelleted, washed twice with PBS containing 1 mM MgCl 2, and resuspended in 18 ml of PBS with MgCl2. Bacterial concentrations were estimated by optical density and quantitated by culture of serial dilutions on LB agar. We performed two experiments, each with "low" and "high" concentrations of the PAK strain of P. aeruginosa, to achieve mean depositions of 6.4 ϫ 10 4 colony-forming units (CFU)/lung ("low inoculum") and 7.9 ϫ 10 5 CFU/lung ("high inoculum"). A single low-inoculum experiment with the ⌬fliC mutant achieved a mean deposition of 1.1 ϫ 10 5 CFU/lung. Mouse infection and tissue processing. Mice were infected with P. aeruginosa as previously described (45) (46) (47) . In each experiment with the PAK strain of P. aeruginosa, 8 -10 WT mice and 8 -10 Tlr5 Ϫ/Ϫ mice, as well as 3 or 4 additional WT mice used to confirm bacterial deposition, were exposed to aerosolized bacteria simultaneously. A total of four experiments were performed with the PAK strain: two at low inoculum and two at high inoculum. An additional single experiment was performed with the ⌬fliC mutant of the PAK strain. Mice were placed in wire mesh cages enclosed within a 55-liter Plexiglas cylinder connected via 10-cm ducting to a 16-liter aerosol chamber. The 18-ml bacterial slurry was divided into two nebulizers (Salter, Arvin, CA) and aerosolized into the chamber for 30 min via forced air at 15-18 psi. Airflow through the chamber was maintained at 20 l/min by negative pressure. After infection, the mice were returned to their cages, with the exception of the three or four mice used to determine bacterial deposition in the lungs. These animals were euthanized by intraperitoneal injection of pentobarbital sodium and exsanguinated by external cardiac puncture. Left lungs were homogenized in 1 ml of PBS, and the homogenate was serially diluted and quantitatively cultured on LB agar. Colonies were counted after 48 h of incubation at 37°C. This procedure was repeated at 4 h in the ⌬fliC experiment and at 4 and 24 h in the remaining mice, with four or five mice of each genotype used at each time point. At 24 h, spleens also were harvested, homogenized in 1 ml of PBS, and quantitatively cultured.
Bronchoalveolar lavage. At 4 and 24 h, the trachea of each mouse was cannulated, and the right lung was lavaged with 0.6 ml of warm 0.9% NaCl-0.6 mM EDTA solution. This procedure was repeated with 0.5-ml volumes for a total of four washes. The pooled lavage fluid was centrifuged at 330 g, and the supernatants were removed for storage at Ϫ80°C. The cell pellets were resuspended in RPMI 1640 medium (HyClone Laboratories, Logan, UT) with 10% heat-inactivated FBS, and cells were counted in a hemocytometer. Differentials were determined from examination of cytocentrifuge slides (Thermo Shandon, Pittsburgh, PA) that were stained with a modified WrightGiemsa technique (Diff-Quik, Dade Behring, Dudingen, Switzerland).
Histopathology. After bronchoalveolar lavage (BAL), the right lungs of each animal were inflated to 15-cm pressure with 4% paraformaldehyde and immersed in the same fixative for Ն48 h, then they were transferred to a 70% ethanol solution. Fixed lung tissue was embedded in paraffin, sectioned, and stained with hematoxylin-eosin. Tissue sections were examined by a veterinary pathologist who was unaware of bacterial inoculum, animal genotype, or time point. Three scores were assigned, with each individual component graded on a scale of 0 -4, as described elsewhere (44) . The bronchiolar injury score combines peribronchiolar inflammation and bronchiolar necrosis, the vascular injury score combines perivascular inflammation and vasculitis, and the alveolar injury score combines alveolar wall injury and number of alveolar inflammatory cells per four random highpower fields. Cell counts were converted to a scale of 1-4 as follows: 1 for 20 -150 cells, 2 for 151-300 cells, 3 for 301-450 cells, 4 for Ն451 cells.
Measurement of cytokines. After removal of 100 l of homogenized left lung tissue for quantitative culture, the remainder of the lung homogenate was diluted 1:1 in lysis buffer containing protease inhibitor (Roche Diagnostics, Mannheim, Germany). After a 30-min incubation on ice, samples were centrifuged at 1,500 g, and supernatants were stored at Ϫ80°C until assays were performed. IFN-␥, IL-1␤, macrophage inflammatory protein-2 (MIP-2), KC, monocyte chemoattractant protein-1 (MCP-1), IL-6, granulocyte-macrophage colonystimulating factor, and TNF-␣ were measured in BAL fluid and lung homogenates using a microbead array and Luminex 100 analyzer (Austin, TX). In two experiments, one low-inoculum and one highinoculum, IL-6 was measured by an ELISA kit (Duoset, R & D Systems, Minneapolis, MN) because of a nationwide shortage of IL-6 Luminex beads.
Data analysis. In vivo challenge experiments were performed twice at each inoculum. Bacterial counts, cell counts, and cytokine levels are expressed as means Ϯ SE. Results for continuous variables were compared using Student's t-test. Histopathology scores were compared by Mann-Whitney U-test. P Յ 0.05 was considered statistically significant. Prism software (GraphPad, Irvine, CA) was used for statistical analysis and graph preparation.
RESULTS

Bacterial clearance is impaired in Tlr5
Ϫ/Ϫ mice after lowinoculum P. aeruginosa infection. To characterize the role of TLR5 in the inflammatory response to and bacterial clearance of P. aeruginosa lung infection, we exposed WT and Tlr5 Ϫ/Ϫ mice to aerosolized P. aeruginosa strain PAK at a low inoculum of 10 5 CFU/lung. At 4 h after infection, Tlr5 Ϫ/Ϫ mice had more than twice as many bacteria in their lungs as WT mice (P Ͻ 0.05). This difference persisted and, in fact, increased at 24 h, when Tlr5 Ϫ/Ϫ mice harbored Ͼ10-fold more bacteria in their lungs than WT mice (Fig. 1A) . Although Tlr5 Ϫ/Ϫ mice were able to effect a net reduction in bacterial burden, clearance was notably delayed compared with WT mice. To determine whether the role of TLR5 in bacterial clearance varied by severity of infection, we repeated the experiments with a 10-fold-higher inoculum. At this higher infection dose, no significant difference in lung bacterial counts was observed between WT and Tlr5 Ϫ/Ϫ mice at 4 or 24 h (Fig. 1B) . In contrast to the low-inoculum experiments, small numbers of bacteria were cultured from the spleen 24 h after high-inoculum infection only. Spleen bacterial counts were not different between WT and Tlr5 Ϫ/Ϫ mice (Fig. 1C ). These findings demonstrate that TLR5 plays a role in the clearance of P. aeruginosa from the lungs that is inoculum-dependent.
Early inflammatory responses are impaired in Tlr5 Ϫ/Ϫ mice. After low-and high-inoculum infection, the number of neutrophils in 4-h BAL samples was significantly diminished in Tlr5 Ϫ/Ϫ compared with WT mice. By 24 h after infection, the number of neutrophils was similar in the lungs of low-and high-inoculum-infected Tlr5 Ϫ/Ϫ mice (Fig. 2, A and B) . Mononuclear cell counts did not differ significantly between WT and
Tlr5
Ϫ/Ϫ animals at either inoculum or at either time point (Fig.  2C) . Therefore, TLR5-dependent signaling contributes to the early influx of neutrophils to the bronchoalveolar air spaces after P. aeruginosa infection.
Histopathology is altered in Tlr5 Ϫ/Ϫ mice. Neutrophilic peribronchial inflammation and occasional focal bronchiolar cell necrosis are the most prominent histopathological changes early after P. aeruginosa lung infection. At 4 h after lowinoculum infection, Tlr5 Ϫ/Ϫ mice exhibited significantly greater peribronchiolar inflammation (Fig. 3) and had a higher bronchiolar injury score than WT mice (Fig. 4A) . There was no significant difference in vascular or alveolar injury between groups at 4 h, and there were no histological differences between Tlr5 Ϫ/Ϫ and WT lungs after high-inoculum infection (Fig. 4, B and C) . 
MCP-1 and TNF-␣ responses are impaired in Tlr5
Ϫ/Ϫ mice. Intrapulmonary cytokine responses were selectively altered in Tlr5 Ϫ/Ϫ mice. After low-inoculum infection, intrapulmonary levels of MCP-1 and TNF-␣ were significantly reduced in Tlr5 Ϫ/Ϫ mice compared with WT animals at the 4-h time point (Fig. 5, A and B) . In contrast, MIP-2 levels were augmented by 25% in Tlr5 Ϫ/Ϫ mice compared with WT controls (Fig. 5C ). IFN-␥ concentrations also were higher in Tlr5 Ϫ/Ϫ mice, but levels of this cytokine were extremely low in both groups. After high-inoculum infection, MCP-1 levels also were significantly lower in Tlr5 Ϫ/Ϫ than WT mice (Fig. 5A ). Other cytokine levels were similar in the two groups of mice after high-inoculum infection, with the exception of increased levels of granulocyte-macrophage colony-stimulating factor in Tlr5 Ϫ/Ϫ animals, although absolute values of this cytokine were very low (Fig. 5G) . By 24 h in low-and high-inoculum experiments, levels of all cytokines were greater in Tlr5 Ϫ/Ϫ than WT mice, with the exception of similar levels of IFN-␥ in high-inoculum experiments (Fig. 5H) . Tlr5 Ϫ/Ϫ mice have no impairment in bacterial clearance or immune response to nonflagellated P. aeruginosa. To confirm that the impairment in the response of Tlr5 Ϫ/Ϫ mice to P. aeruginosa is indeed attributable to the TLR5-flagellin interaction, we exposed WT and Tlr5 Ϫ/Ϫ mice to the aerosolized ⌬fliC mutant of the PAK strain of P. aeruginosa, which differs from the PAK strain only in the absence of flagellin. We used an inoculum of 1.1 ϫ 10 5 CFU/lung, which is similar to the low-inoculum experiments with the PAK strain, in which we identified impaired responses in Tlr5 Ϫ/Ϫ mice. In response to ⌬fliC, the number of bacteria was similar in lungs of Tlr5
and WT mice, and we found no difference in neutrophil recruitment or other cell counts or in production of MIP-2 or TNF-␣ (Fig. 6 ).
DISCUSSION
Our key findings are that Tlr5
Ϫ/Ϫ mice exhibit an inoculumdependent defect in bacterial clearance after infection with P. aeruginosa, in association with dysregulated early cytokine responses and delayed accumulation of bronchoalveolar neutrophils. None of these findings are present in Tlr5 Ϫ/Ϫ mice infected with a nonflagellated form of the bacteria, suggesting that the flagellin-TLR5 axis plays a unique role in the early innate immune response to P. aeruginosa in the lungs. Previously, we reported a near-complete lack of inflammatory response and overwhelming mortality in P. aeruginosainfected mice deficient in the adaptor molecule MyD88 (45) .
Tlr2
Ϫ/Ϫ mice have minimal impairment in their response to this organism. Mice with dominant-negative (9, 36) or targeted deletions (37, 47) of TLR4 have a diminished inflammatory response to aerosolized P. aeruginosa, but neither of these proteins alone is required for resolution of acute infection. TLR5 has therefore generated interest as another MyD88-dependent TLR that may be an important component of the innate immune response to P. aeruginosa in the lung. The innate immune response to flagellin in the murine lung, as measured by cytokine production and neutrophil recruitment, is dependent on TLR5 (11). However, it also has been reported that absence of the flagellin-TLR5 axis alone does not impair bacterial clearance of P. aeruginosa (7, 38) . This has been investigated using flagellin-deficient organisms (7, 38) , a model confounded by the decreased motility of this strain.
Our experiments represent the first demonstration of a unique role for TLR5 in early containment of P. aeruginosa infection. This role is most striking at a low inoculum and is diminished at a higher inoculum, illustrating the concept of innate immunity as a complex system in which cooperative relationships between receptors can compensate for the absence of a single protein. Previously published work using Tlr5 Ϫ/Ϫ mice to study P. aeruginosa pulmonary infection utilized a nasal instillation method and focused exclusively on survival (11) . These experiments identified no difference in survival between Tlr5 Ϫ/Ϫ and WT mice, although mortality was increased or earlier in animals deficient in both TLR4 and TLR5. Our studies have allowed us to discern more subtle differences in the responses of Tlr5 Ϫ/Ϫ and WT mice to infection and paint a picture of the more consequential role of TLR5 at lower levels of infection.
We have found that absence of TLR5 impairs neutrophil influx to the bronchoalveolar air spaces of the lungs early after P. aeruginosa infection at low and high bacterial inocula. We identified a similar impairment in Tlr5 Ϫ/Ϫ mice with L. pneumophila pneumonia (17) . TLR5 signaling also has recently been reported to regulate neutrophil accumulation in murine Ϫ/Ϫ mice (A), and TNF-␣ levels were less strikingly reduced (B); production of macrophage inflammatory protein-2 (MIP-2) was augmented (C), there were no differences in KC, IL-1␤, IL-6, or granulocyte-macrophage colony-stimulating factor (GM-CSF) (D-G), and IFN-␥ production was augmented, but levels of this cytokine were extremely low (H). At 24 h, levels of nearly all cytokines were higher in Tlr5 Ϫ/Ϫ mice. Right: high-inoculum infection. At 4 h, MCP-1 levels remained reduced in Tlr5 Ϫ/Ϫ mice (A), and GM-CSF levels were augmented, but levels of this cytokine were also very low (G). No other differences were seen between groups. At 24 h, higher levels of most cytokines were identified in Tlr5 Ϫ/Ϫ mice. Values are means Ϯ SE (n ϭ 9 -10 mice per group at each time point). *P Ͻ 0.05 (by 2-tailed Student's t-test).
colon tumor xenografts (40) . Other investigators found that neutrophil-depleted mice, or mice in which neutrophil recruitment is impeded by administration of a blocking antibody against chemokine receptor CXCR2, are unable to clear P. aeruginosa lung infection and have increased mortality (32, 50) . Therefore, blunted neutrophil recruitment likely contributes to the impaired bacterial clearance we observed in Tlr5
Ϫ/Ϫ mice also have reduced neutrophil counts after P. aeruginosa infection, yet they are able to clear the bacteria as quickly as WT mice.
We infer that TLR5 signaling plays a key role in neutrophil recruitment to the lungs after P. aeruginosa infection and that this contributes to, but is not the sole explanation for, the impaired bacterial clearance observed in our low-inoculum experiments. Neutrophil function also may be negatively affected by the absence of TLR5, inasmuch as TLR5 activation has been demonstrated to enhance neutrophil cytokine secretion and phagocytic function in the lungs (24) . The lower levels of TNF-␣ we identified in Tlr5 Ϫ/Ϫ animals in our low-inoculum experiments may also negatively affect neutrophil function. This cytokine has recently been found to play a role in key elements of murine neutrophil function, including adhesion and priming of the oxidative burst (26, 34) .
The mechanism of delayed neutrophil recruitment into the airways of Tlr5 Ϫ/Ϫ mice is not clear. We did not observe a defect in whole lung CXC chemokine responses in these animals; indeed, early MIP-2 production in response to lowinoculum infection was augmented in the absence of TLR5. Similarly, we previously also found an unimpaired CXC chemokine response to inhalation of L. pneumophila in Tlr5 Ϫ/Ϫ mice (17) . However, TLR5 deficiency may result in localized, cell-specific defects in the response to P. aeruginosa infection that are not evident when whole lung responses are measured. Our pathological finding of greater peribronchiolar inflammation in Tlr5 Ϫ/Ϫ mice 4 h after low-inoculum infection suggests that there may be an airway-specific effect of TLR5 deficiency on neutrophil trafficking across the epithelium. Bone marrow chimera studies that demonstrated that the response to flagellin in the lung is dependent on non-bone marrow-derived cells (11) , such as airway epithelial cells, further support a cellspecific role for TLR5. Our own chimera studies showed that the early lung inflammatory response to P. aeruginosa is dependent on NF-B activation in non-bone marrow-derived cells (16) , and other investigators similarly reported that neutrophilic inflammation in response to P. aeruginosa is reduced when NF-B activity is inhibited in airway epithelial cells (42) . Further studies examining cell-specific patterns of TLR5-dependent activation are necessary to further characterize the role of this receptor in regulating pulmonary innate immune responses.
One of the most striking findings in these experiments was the impaired early secretion of MCP-1 in Tlr5 Ϫ/Ϫ mice infected by low-and high-inoculum P. aeruginosa. MCP-1 is best known as a monocyte chemoattractant, but reduced levels did not result in fewer mononuclear cells in the BAL fluid of Tlr5 Ϫ/Ϫ mice. This finding is consistent with published work demonstrating that MCP-1 is important for alveolar macrophage function but does not affect the overall number of BAL macrophages in response to P. aeruginosa lung infection (4, 22) . MCP-1 also plays a role in resolution of inflammation (4, 25) , and it can induce migration of bone marrow neutrophils and circulating neutrophils in models of intra-abdominal sepsis or vasculitis (20, 21, 49) . Several authors identified a connection between MCP-1 levels and neutrophil infiltration in models of lung and intra-abdominal inflammation (12, 13, 27, 29, 30, 39) . In addition, MCP-1 neutralization led to impaired bacterial clearance and increased mortality following a cecal ligation-and-puncture model of peritonitis (29) .
Therefore, the impaired bacterial clearance we identified in Tlr5 Ϫ/Ϫ mice may be due to a combination of reduced neutrophil number and impaired neutrophil and macrophage functional response to infection, mediated, at least in part, by diminished levels of TNF-␣ and MCP-1. Finally, reduced levels of MCP-1 provide additional reason to focus on the cell-specific nature of the TLR5 response to P. aeruginosa. Although a variety of cell types secrete this cytokine, production of MCP-1 by alveolar epithelial cells appears to be critically important for alveolar macrophage function in P. aeruginosa pneumonia (4, 22) .
Early secretion of most cytokines other than MCP-1 and TNF-␣ was not impaired in Tlr5 Ϫ/Ϫ mice, which is somewhat surprising, given diminished IL-6 and KC secretion noted by other authors in Tlr5 Ϫ/Ϫ mice exposed to intranasal flagellin (11) or WT mice exposed to flagellin-deficient bacteria (38) . The higher inocula, different method of infection, and use of a less virulent organism in the latter experiment may contribute to this difference. We also identified higher levels of most cytokines in Tlr5 Ϫ/Ϫ than WT mice 24 h after infection. This finding may reflect the higher bacterial count in the lungs of Tlr5 Ϫ/Ϫ mice at the later time point. This was most prominent in the low-inoculum experiment, where these counts were statistically significantly different, but even in the high-inoculum experiments a trend toward more bacteria was observed in the lungs of Tlr5 Ϫ/Ϫ animals. In summary, we have demonstrated that TLR5 plays an inoculum-dependent role in the early innate immune response to P. aeruginosa. Reduced neutrophil influx into the airways and likely altered immune cell function, perhaps mediated in part by impaired MCP-1 and TNF-␣ production, contribute to reduced bacterial clearance. The combined effect is best seen at low levels of infection, whereas in more severe infections other intact components of the innate immune system are able to compensate for the absence of TLR5 to normalize bacterial clearance, even though measurable impairments in the inflammatory response persist. Further investigation into the role of TLR5-dependent immune cell function, as distinguished from neutrophil or monocyte influx into the lungs, in the clearance of this bacteria is needed. In addition, future studies should explore the resident cell type-specific role of TLR5, particularly non-bone marrow-derived cells, such as airway epithelial cells, in mediating the response to P. aeruginosa. More knowledge in these areas will be necessary as we aim to better understand the contribution of this protein to the innate immune response to acute P. aeruginosa infection.
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